A thermodynamic analysis of the Al-Si-Zr system has been performed using the CALPHAD technique. To enable a thermodynamic description of the binary systems, the results from a previous evaluation were adopted for the Al-Si and Si-Zr systems.
INTRODUCTION
It is well known that addition of zirconium (Zr) to aluminum (Al) alloys often enhances grain refinement and plays a role in inhibiting recrystallization l\l. This effect is partly due to the fine precipitation of intermetallic compounds in the Al matrix; however, despite their important roles in industrial materials, the behavior ofZr in Al alloys, especially phase equilibria in higher order alloy systems, is still unclear. This can partly be attributed to the experimental difficulty of characterizing a large number of intermetallics appearing even in ternary alloys, such as the Al-Si-Zr or Al-Cu-Zr systems. Therefore, in the present study, we have carried out work to determine the phase equilibria of the Al-Si-Zr ternary system based on the Calculation of Phase Diagrams (CALPHAD) method 111. In this method, various experimental values concerning the phase boundaries and the thermodynamic properties are analyzed according to an appropriate thermodynamic model and the interaction energies between the atoms are Vol. 29, Nos. 5-6, 2010 evaluated. By using this technique, phase diagrams outside the experimental range can be calculated based on thermodynamic reasoning. It is also advantageous that the metastable phase equilibria or the important thermodynamic factors such as driving force and chemical potential can be obtained.
Concerning the information on the phase equilibria of the Al-Si-Zr ternary system, experimental information is restricted to the partial isothermal section diagrams from 700 °C to 1200 °C /3-6/. To the best of their knowledge, there are at least ten types of Al-Zr-based compounds, seven types of Si-Zr-based compounds, and three ternary phases. There is no experimental information available on the thermodynamic properties of this ternary system.
Thus
, to obtain precise information on the thermodynamic properties of the ternary system, enthalpies of formation of the various compounds were evaluated using a first-principles calculation method and estimation of the unknown phase equilibria using these theoretical values, as well as any available experimental information.
Thermodynamic Analysis of the Al-Si-Zr Ternary System
most appropriate for evaluation of a relative thermodynamic property such as the enthalpy of formation. The FLAPW method uses a scheme to solve many-electron problems based on the local spin density approximation (LSDA) approach. Because the LSDA approach includes an approximation for both the exchange and correlation energies, it has been expanded by adding the gradient terms for the electron density to the exchange-correlation energy. This has led to the generalized gradient approximation (GGA) method based on the Perdew-Burke-Ernzerhof 96 form /8/, and we used this improved method over the conventional LSDA approach. The plane-wave cutoff energy was set at 270 eV throughout the calculation. 
Thermodynamic modeling of the solution phases
A description of the Gibbs energy for each phase appearing in the Al-Si-Zr ternary system is presented in this section.
Liquid (L) and primary solid-solution phases ((Al), (Si), (aZr), (ßZr))
The regular-solution approximation was applied to the liquid phase, as well as to the fee (Al), diamond (Si), hep (aZr), and bcc (ßZr) solid solutions. The molar Gibbs energy, G^ , was described as: 
φ phase and has a compositional dependence following the Redlich-Kister polynomial as:
between the elements Al, Si, and Zr. The dependence of the interaction parameters on composition is expressed as follows:
(4) ^Al y(1) Si y!) j J was applied to these phases, where u\ and u 2 are the numbers of the sites of the sublattices in parentheses. The Gibbs energy per mole of formula unit of these phases is given by:
interaction parameter between unlike atoms on the first sublattice. 
'Of-°Hf = A + BT + CT

The ternary compound phases
The ternary compound τ, phase with the composition range of 7.5 to 10 mol% of Si and 25 mol% of Zr is represented as (Al, "Si^Zr with 0.1 < jc < 0.14.
The second ternary compound τ2 phase forms at 10 to 12.5 mol% of Al and 50 mol% of Zr with (Al^.JZr where 0.2 < χ < 0.25 /13/. Therefore, the same two-sublattice model as equation (5) was applied to these phases, assuming =0.75 , u2= 0.25 for τ, and m, = 0.5 , w2 = 0.5 for τ2.
The stoichiometric compounds
The binary compounds, Si2Zr, ßSiZr, ßSi4Zr5, Si2Zr3, 
THERMODYNAMIC ANALYSIS AND CALCULATION OF PHASE DIAGRAMS
A brief outline of the thermodynamic analysis and the calculated results is presented in this section. Most of the descriptions of the lattice stability parameters for each pure element were obtained from the Scientific Group Thermodata Europe (SGTE) data set /14/ and are shown in Table 1 .
The Al-Si binary system
The equilibrium phase diagram of the Al-Si binary system is of a simple eutectic type composed of the liquid (L) phase and the terminal solid solutions (Al) and (Si).
The thermodynamic calculation was performed by
Gröbner et al. /15/, and we accepted the parameters, considering the consistency of the thermodynamic models with the present work. The optimized thermodynamic parameters are listed in Table 2 and the calculated Al-Si binary phase diagram is shown in 
The Al-Zr binary system
The equilibrium phase diagram of the Al-Zr binary system reviewed by Murray et al. /16/, as shown in Vol. 29, Nos. 5-6, 2010 
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The Si-Zr binary system
The Si-Zr binary system is composed of a liquid, thermodynamic parameters were adopted in this study.
The thermodynamic parameters of this binary system are summarized in Table 2 Vol. 29, Nos. 5-6, 2010 Thermodynamic Analysis of the Al-Si-Zr Ternary System
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The optimized thermodynamic parameters are summarized in Table 2 
CONCLUSIONS
A thermodynamic analysis of the Al-Si-Zr ternary system was performed using the CALPHAD technique.
For the Al-Si and Si-Zr binary systems, thermodynamic parameters evaluated by the previous analysis were used in the present study, and the following results were obtained. however, discrepancies still exist in the location of some complex three-phase mixtures of intermetallics,
